Microarray analysis was used to identify changes in gene expression in velvetleaf that result from competition with corn. The plants were grown in field plots under adequate N (addition of 220 kg N ha 21 ) to minimize stress and sampled at the V6 growth stage of corn (late June). Leaf area, dry weight, and N and P concentration were similar in velvetleaf plants grown alone or with corn. Competition, however, did influence velvetleaf gene expression. Genes involved in carbon utilization, photosynthesis, red light signaling, and cell division were preferentially expressed when velvetleaf was grown in competition with corn. A less clear picture of the physiological impact of growth in monoculture was provided by the data. However, several genes involved in secondary metabolism and a gene preferentially expressed in response to phosphate availability were induced. No differences were observed in genes responsive to water stress or sequestering/transporting micronutrients. Nomenclature: Velvetleaf, Abutilon theophrasti L. ABUTH.; corn, Zea mays L.; cotton, Gossypium hirsutum L.
Recent advances in genomics technology have opened opportunities to answer a number of fundamental questions in weed biology (Basu et al. 2004; Chao et al. 2005; Horvath et al. 2006) . However, many weeds still lack the infrastructure required to allow easy access to genomic-based tools such as microarrays and deep expressed sequence tags (EST) databases. To offset this deficiency, it has been proposed that genomic tools developed for crops that are related to troublesome weed species could be used to clone and follow the expression of genes in weeds. Indeed, some very preliminary work using arabidopsis (Arabidopsis thaliana L.) microarrays demonstrated their usefulness in following changes in the transcriptome of weeds as diverse as wild oat (Avena fatua L.) and leafy spurge (Euphorbia esula L.) (Horvath et al. 2003a (Horvath et al. , 2003b . However, such wide crossspecies hybridizations limit the number of genes that can be studied and also can confound the interpretation of the data. However, with the recent explosion of EST databases and development of microarrays from numerous and diverse crop and model species, it is now possible to obtain microarrays from species that are much more closely related to a given weed species. Indeed, recent data from cross-species hybridization of potato (Solanum tuberosum L.) microarrays with a battery of Solanaceous plants suggest that there is minimal loss of sensitivity when within-family hybridizations are attempted (Rensink et al. 2005) . In interest of understanding the interactions between velvetleaf and corn, we have chosen to use whole-plant cDNA microarrays developed from cotton to study gene expression differences in velvetleaf in response to competition with corn.
Velvetleaf, like cotton, is a member of the Malvaceae family. It is a dicotyledonous annual weed that infests row crops in many regions of the world (Warwick and Black 1988) . A native plant of China and India, velvetleaf was originally introduced to the United States before the 1700s as a possible fiber crop to be used for rope and fabric production (Mitich 1991; Spencer 1984; Warwick and Black 1988) .
Velvetleaf-corn interactions have been extensively studied at the whole-plant and population levels, and the interaction between these two species is often used as a model for cropweed interactions (Lindquist 2001; McDonald et al. 2004; Sattin et al. 1992; Teasdale 1995) . Several studies have indicated that a critical period of crop-weed interaction occurs between the V3-V8 stage of corn development, and that weed removal after this period has little effect on crop growth and yield (Bryson 1990; Hall et al. 1992; Norsworthy and Oliviera 2004; Van Acker et al. 1993) . The mechanisms controlling this irreversible physiological response of corn to weeds is unknown. However, work by Rajcan et al. (2004) suggests that one mechanism might be a classic shadeavoidance response due to differential reflection of red and far-red light that allows the corn to perceive and respond to the presence of weeds. The ability of the plant to ''remember'' the presence of weeds early in development has been hypothesized to involve epigenetic changes in gene expression due to chromatin remodeling (Horvath et al. 2006) . Chromatin remodeling involves the process of modifying the histone proteins around which the DNA is wrapped in such a way as to modify the expression of a subset of affected genes (Reyes et al. 2002) . Work by Horvath et al. (2006) indicated that genes involved in photosynthesis, auxin signaling, cell division, and protein degradation were preferentially expressed in the upper leaves of corn grown in velvetleaf-free plots relative to similar tissue from corn competing with velvetleaf. These changes in gene expression were observed well after the tissue in question had grown much higher than the infesting velvetleaf and thus may have been permanently altered by early exposure to velvetleaf competition.
Although a picture is emerging concerning how corn responds to velvetleaf competition, significantly less is known about what effect the corn has on the velvetleaf. Roggenkamp et al. (2000) noted a small but detectable negative effect of tall corn hybrids on fecundity of competing velvetleaf. Additionally, Nurse and DiTommaso (2005) demonstrated that corn competition altered the size and dormancy of velvetleaf seed. Velvetleaf biomass is also reduced and plant architecture altered due to competition with corn (Steinmaus and Norris 2001; Sultan et al. 2001) . Corn competition has also been hypothesized to favor velvetleaf varieties that grow faster early in development but that respond relatively less dramatically to competition later in the season (Weinig 2000) . However, no molecular studies have yet been done to identify the mechanisms that might bring about these changes in growth and development. In this report, we compare the transcriptome of velvetleaf grown in monoculture to the transcriptome of velvetleaf in direct competition with corn with the intent of identifying differential expression of numerous well-characterized genes to determine which signal transduction and physiological pathways are altered by competition with corn.
Materials and Methods
Plant Material. Velvetleaf was sown on May 8, 2006, alone or with corn (DKC46-22) at Aurora, SD, on a Brandt silty clay loam soil (fine-silty, mixed superactive, frigid Calcic Hapludoll). The sand, silt, and clay contents were 390, 383, and 226 g kg 21 , respectively, with a soil pH of 6.0 and organic matter content of 35 g kg 21 .
Corn was planted at a population of about 24,000 plants ha 21 . Corn plots remained weed-free or were planted with velvetleaf seed. Velvetleaf was planted about 1.5 cm deep using a seed drill and was either seeded alone or in the interrow area of corn about 20 cm from the crop row. Granular urea was broadcast at 224 kg N ha 21 after planting. Weed management for species other than velvetleaf consisted of a glyphosate application as a burn-down treatment prior to plant emergence and hand removal for the rest of the season. There was some variability in the density of velvetleaf between plots because of uneven germination; however, in general, velvetleaf density was about 6 plants m 22 (ranging from 4 to 8 plants m 22 ) after germination. Treatments were placed in a randomized complete block design with three replicates. Plots were 6 m long by four rows wide with a row spacing of 76 cm and three replications per treatment.
Four individual velvetleaf plants within each treatment plot were collected on June 22 between 1:00 and 2:00 P.M. Conditions were partly cloudy and breezy with a temperatures between 25 and 27 C. The apical meristem and all of the young leaves (up to 6 cm in diameter) were collected from each sampled plant. The samples from within each plot were pooled and immediately frozen in liquid N 2 . Two representative velvetleaf and corn plants were harvested from each plot to determine leaf area, dry weight, and N and P concentrations. At physiological maturity of the corn, grain yield was determined based on hand-harvest of 10 m 2 area per plot.
RNA Extraction and Microarray Analysis. Frozen plant material was ground to a fine powder in liquid nitrogen using a mortar and pestle. RNA was extracted from the resulting powder using the pine tree extraction method (Chang et al. 1993) . Labeled cDNA was prepared from 30 mg of total RNA using the Alexa Fluor cDNA labeling kit 1 according to manufacture's protocols. Labeled cDNA was hybridized to 24K element cotton microarrays produced by Dr. Llewellyn and colleagues, CSIRO Plant Industry, Australia, from cotton cDNA libraries according to previously published protocols (Horvath et al. 2006) . The array contained clones predominantly from young ovules and elongating fibers, but also included leaves, roots, and immature embryos. A full list of the clones and the layout of the microarrays can be obtained from the Gene Expression Omnibus (GEO), accession number GPL4043. A rolling-circle dye-swap hybridization scheme with two cross-circle comparisons (Churchill 2002) was used to compare gene expression between velvetleaf monocultures and velvetleaf grown in competition with corn from three biological replicates of each treatment. Eight different two-dye hybridizations were performed that compared velvetleaf alone vs. velvetleaf with corn treatments. Chips were hybridized and washed following previously published protocols (Horvath et al. 2006) . Hybridization intensities (based on fluorescence) for each probe (spotted clone) were visualized and quantified using an Affy 428 scanner 2 and Jaguar software 2 .
Northern Hybridization. Twenty micrograms of total RNA from each of the three biological replicates from each treatment were separated on 1% denaturing agarose gels. Gels were blotted and probed with radiolabeled cDNA from selected cotton probes that were used in preparation of the cotton microarrays. Blots were washed at least one time at Statistical Analysis. Plant dry weight, leaf area, N and P concentrations at the June sampling, and corn yield measured at the end of the season were analyzed using paired t-test analysis with a P value of 0.05. As per standard methods of analyzing microarray results, the M value and the A value were determined for each probe. The M value is the measure of differential gene expression and is calculated as the log 2 of the hybridization intensity ratios of velvetleaf with corn over velvetleaf in monoculture. The A value is a measure of how strongly a given gene is expressed and calculated as the log 2 of the square root of the product of the hybridization intensity values from each probe. The hybridization intensity is determined by the level of fluorescence resulting from the excitation of the labeled velvetleaf cDNA that ''sticks'' to each DNA-containing probe on the cotton microarray. The resulting MA plots (M value by A value for each probe) were Loess-normalized to produce a normalized M value for each gene using the GeneMath XT1 program. 4 This procedure removes differences by differential labeling of the sample RNA as opposed to differential expression of individual genes. Because low intensity probes are often difficult to interpret, and are a major source of meaningless variation, expression ratios from these probes are customarily deleted from the data sets prior to analysis. Thus, probes with A values of less than 1 standard deviation over the mean for non-DNA containing controls as well as all probes that did not contain cotton DNA were deleted. Eight replicate hybridizations were done for each probe. If a given probe was deleted in three or more replications, then the probe was considered unreliable, and all data from that probe was deleted from further statistical analysis. The normalized ratios of hybridization intensities for all of the remaining probes were analyzed for statistical significance using the SAM 1.22 software 5 set for one class with 100 iterations to assign a q value as an estimate of the false discovery rate for each gene. P values were obtained for each probe by performing a t test of the normalized M values of each probe against the combined M values of all probes on the array.
Results and Discussion
Plant Growth and Corn Yield. At the late June sampling date, corn had overtopped velvetleaf (Figure 1) ), in contrast, was reduced by 27% when velvetleaf was grown with corn. Corn leaf area and dry weight per plant were reduced by about 16%, and P concentration and total P were 7 and 20% less, respectively, when corn was grown with velvetleaf compared with weed-free corn (data not shown). Grain yield, measured at physiological maturity of corn, averaged 3,610 kg ha 21 in the weed-free treatment. Corn yield when velvetleaf was present was reduced by 27% compared with the weed-free treatment yield. This yield reduction was similar to the reduction reported in Horvath et al. (2006) for corn grown with velvetleaf at this location in 2005.
Hybridization of Velvetleaf Probe to Cotton Microarray. Cotton microarrays developed by CSIRO contain 24,287 probes including 84 empty and negative control probes, of which 15,426 had significant similarity to sequences in the nonredundant database (GenBank). Of the probes on the arrays, 9,190 (38%) consistently hybridized to labeled velvetleaf cDNA at a level at least 1 standard deviation over background (average of empty and negative control probes) (expression data can be downloaded from GEO accession number GSE6445). The percentage of hybridizing probes was roughly 50% lower than what is usually observed from homologous hybridizations, but was within the low range of what is commonly observed for other nonhomologous hybridizations (Horvath et al. 2003a ). The lower hybridization percentage might be due to the fact that most of the cotton cDNAs used to develop the array were from developing ovule and seed fiber libraries. However, data were obtained for 5,522 probes that had significant similarity to other known genes. Consequently, there are still sufficient numbers of characterized genes on the array to identify physiological and developmental processes impacted by competition with corn.
Differential Gene Expression in Velvetleaf Responding to Corn Competition. Of the 9,190 hybridizing genes, 132 were preferentially expressed when velvetleaf was grown in competition with corn based on q values (those with less than a 22% false positive rate) (Tables 1 and 2 ). No genes were preferentially expressed in velvetleaf grown in monoculture based on q value. When a P value cutoff of 0.05 for differential expression was used, 625 genes were preferentially expressed in velvetleaf monocultures and 226 genes were preferentially expressed when velvetleaf was grown in competition with corn. Eighty-six genes had both q values less than 22% and P values less than 0.05, and 899 had either q values less than 22% and/or P values less than 0.05. Surprisingly, there were few obvious classes of genes representing known physiological processes or multiple copies of specific genes that fell within the statistical guidelines for differential expression. However, some patterns of gene expression did emerge.
Genes involved in photosynthesis (e.g., Ribulose bisphosphate carboxylase and chlorophyll a-b binding protein), carbon metabolism (e.g., Nucleotide sugar epimerase and Acyl-CoA oxidase), and cell division (e.g., Histone H2A and Cyclin D3) were preferentially expressed when velvetleaf was competing with corn. This is opposite of what was observed in corn competing with velvetleaf where such genes were downregulated in response to competition (Horvath et al. 2006) . The reason for this difference is unclear. However, it should be noted that in the case of the velvetleaf, the samples were taken earlier in the season and at a time when the corn was overtopping the velvetleaf whereas the corn samples were collected late in the growing season and the corn was considerably taller than the velvetleaf.
Several genes encoding proteins involved in protein metabolism such as cullin and several F-box-related proteins were preferentially expressed in velvetleaf grown in monoculture. A similar response was observed in comparisons between corn grown in competition with velvetleaf or in monoculture (Horvath et al. 2006 ). In the corn comparisons, the difference was hypothesized to be due to a response to nitrogen availability. However, N concentration of velvetleaf tissue was similar between treatments (4.8 vs. 4.96%) at this sampling period.
Because velvetleaf was beginning to be shaded by the corn, it was expected that shade-avoidance responses would be activated. One of the hallmarks of the shade-avoidance response is an increase in shoot growth as the shaded plant attempts to outgrow its competitor (Ballaré and Casal 2000; Smith and Whitelam 1997; Vandenbussche et al. 2003) . It was expected that genes involved in auxin, ethylene, and gibberellic acid (GA) responses affecting cell division and elongation would have increased in velvetleaf competing with corn. Despite having numerous auxin-regulated genes hybridizing at significant levels on the array, few were differentially expressed. However, several ethylene-responsive genes (Sakai et al. 1998; Solano et al. 1998) were preferentially expressed when velvetleaf was competing with corn. Although some GA-induced genes involved in cell division were preferentially expressed due to competition, they were few in number. The only obviously GA-induced genes that were preferentially expressed in velvetleaf competing with corn, besides those involved in cell division (i.e., Cyclin D3), were two putative GASA4 orthologues (Aubert et al. 1998) . It is noteworthy that the one phytochrome A gene that is present on the array is preferentially expressed in response to corn competition. Phytochrome is known to play a role in shade-avoidance signal transduction (Smith and Whitelam 1997) . Also, the putative arabidopsis orthologue of DT467097 (leucine-rich repeat family), which is preferentially expressed in response to competition, is also differentially expressed in shade-avoidance responses in arabidopsis (see http://genome-www5.stanford. edu/cgi-bin /data/spotHistory.pl?state5parameters;login5no; suid5140354) (Zimmermann et al. 2004 ).
There was little evidence of competition for water and most nutrients. However, a phosphate-inducible gene PHI1 and another phosphate-inducible cell cycle-related protein gene showed significantly higher expression in velvetleaf grown in monoculture suggesting that there was less phosphate available when the velvetleaf was grown with corn. Also, a potassium transporter was preferentially expressed in velvetleaf competing with corn. It was expected that genes preferentially expressed due to nutrient deficiencies in arabidopsis would primarily be preferentially expressed in response to competition in velvetleaf. Thus we looked at the expression of several putative arabidopsis orthologues of velvetleaf genes using the response viewer tool in the GENEVESTIGATOR database (Zimmermann et al. 2004) . Interestingly, the putative arabidopsis orthologues of several velvetleaf genes that were preferentially expressed in response to competition are downregulated in arabidopsis in response to nitrogen deficiency (for example, see report on expression of the arabidopsis orthologue of DV849429 [AT4g24770] at https://www. genevestigator.ethz.ch/at/index.php?page5tair&option5stress& agi5 AT4g24770). This is opposite of what we would have expected to find assuming that nitrogen levels were limiting, and suggests perhaps that nitrogen levels were actually higher in velvetleaf competing with corn than when in monoculture. However, it should be noted that nitrogen accumulation was not significantly different between velvetleaf grown alone or in competition with corn.
Hybridization of Northern Blots with Cotton Probes. In order to assess the accuracy of the microarray analysis and to confirm that the cotton probes could be used to identify specific velvetleaf RNAs, we analyzed the expression of selected velvetleaf genes by hybridizing northern blots to cotton cDNAs (Figure 2) . Nineteen of the 22 cotton probes hybridized to single bands on northern blots of total velvetleaf RNA. This result suggests that most of the cotton probes hybridizing to labeled velvetleaf cDNAs on the microarrays could be used to isolate the corresponding velvetleaf gene from a library for further analysis. Differential expression could be observed in at least one of the three biological replicates for several of the genes tested. However, there appeared to be a very high false-positive rate, even with genes that had low q values. This could be due to the fact that differential expression was very subtle even on the microarray analysis (none of the probes tested had greater than an average 1.5-fold difference in expression between treatments).
Conclusions and Future Perspectives. Combined, these data show that cotton microarrays can be used to follow changes in gene expression in velvetleaf. The data also suggest that there may be significant differences in shade avoidance responses that are dependent on species and timing of sampling. Future work should focus on confirming and then identifying the reasons for these differences in order to understand which signaling pathways are more conserved among various plant species, and how the timing of competition affects gene expression in weeds such as velvetleaf. Such information should greatly enhance design of models needed to predict and manipulate the impact of crop-weed competition.
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